Background. Several authors have reported cases in which 20`TI scintigraphy demonstrated perfusion abnormality in the septum of patients with left bundle branch block (LBBB) and normal coronary arteriogram. The mechanism of this abnormality, however, remains to be clarified.
L eft bundle branch block (LBBB) is usually associated with coronary artery disease (CAD),1 hypertensive heart disease,2 dilated cardiomyopathy, myocarditis,3 or aortic valvular disease.45 Although it is important to determine whether LBBB is associated with CAD or other basic disease, routine exercise tests may not be able to differentiate patients with CAD, those without CAD, and those with other heart diseases. 6 20`T1 myocardial scintigraphy has been recommended as a noninvasive method of evaluating CAD. There are several reports, however, of abnormal perfusion images in the septum of patients with angiographically normal coronary arteries.7-10 For example, Hirzel et a17 examined 19 symptomatic patients with LBBB by 20MT1 exercise scintigraphy and coronary angiography. Although all the patients showed perfusion defects in the septum, only four patients showed CAD involving the left anterior descending coronary artery (LAD). Various explanations have been proposed for such false-positive results, such as functional ischemia caused by asynchronous septal contraction,7 coronary stenoses that are too small to be visualized by angiography,11 or fibrodegenerative change in the septal region. 12 The actual mechanism, however, remains unknown. The purpose of this study was to determine whether LBBB itself induces abnormal myocardial perfusion and ischemia and to elucidate its mechanism. To accomplish this, we examined myocardial thallium perfusion and glucose uptake in the septum by measuring myocardial systolic thickening and intramyocardial pressure (IMP) during the electrical induction of LBBB.
Methods

Animal Instrumentation
Seventeen mongrel dogs (weight, 11.5-30 .0 kg) were subjected to an overnight fast and then anesthetized with sodium pentobarbital (25 mg/kg i.v.), intubated, and ventilated with a Harvard respirator. Additional sodium pentobarbital was administered as needed for the maintenance of anesthesia. The heart was exposed through a left thoracotomy and suspended in a pericardial cradle. A catheter was inserted into the left atrium for injecting 201TICI, 15F-labeled 2-fluoro-2-deoxy-D-glucose (FDG), and colored microspheres. The arterial catheter tip was positioned in the aortic root to monitor aortic pressure and obtain blood samples for the measurement of aortic lactate content. Other catheters were 1126 Circulation Vol 85, No 3 March 1992 inserted into the right femoral artery and vein for withdrawal of reference blood samples and for drug and fluid administration, respectively. The LAD and its major branches beginning just above the origin of the second diagonal branch were dissected free with careful attention to avoiding injury to the septal branches. A Doppler probe was attached to the LAD, and the flow velocity was measured by a Doppler flowmeter (Triton) and recorded on a polygraph (Sanei).
Echocardiographic Examination
The dogs were placed in the right lateral decubitus position on a specially built table. Two-dimensional echocardiographic images were obtained with a Shimadzu SDU-700 instrument. A 3.75-MHz transducer was positioned to image the left ventricle continuously in a short-axis view at the mid-papillary muscle level. This position and angle were maintained throughout the experiment. To minimize mechanical interference with cardiac motion and to get a clear image, a small water-filled flexible chamber was attached to the transducer head. The gain settings were adjusted at the beginning of each experiment and remained constant throughout. All echocardiographic images were recorded on videotape for subsequent analysis.
LBBB Pattern by Right Ventricular Pacing
A bipolar electrode catheter was introduced into the right ventricle at the mid-papillary muscle level. The heart was paced at the lowest possible rate to obtain a complete pacing rhythm (mean pacing rate was 196±16 beats per minute). During right ventricular pacing, the ECG showed an LBBB pattern.7
Experimental Protocol
Experimental animals were divided into two protocol groups. In protocol 1 (n=12), myocardial metabolism and hemodynamics, including IMP and myocardial systolic thickening, were examined during electrically induced LBBB. In protocol 2 (n=5), to evaluate the effect of the increased heart rate with pacing on myocardial perfusion, regional myocardial blood flow (RMBF) was examined during right ventricular pacing and right atrial pacing. Protocol 1. Baseline ECGs, echocardiograms, Doppler flow velocity in the LAD, and aortic pressure were recorded after completion of the surgical preparations. Then right ventricular pacing was performed to elicit LBBB. After 1 hour of right ventricular pacing, the hemodynamics and echocardiograms were recorded. Next, to evaluate myocardial thallium perfusion and glucose uptake, 37 MBq of 20MTIC1 and 74 MBq of FDG were injected in seven dogs. Right ventricular pacing was continued for another 40 minutes after the administration of FDG to allow for sufficient uptake by the myocardium. At the end of the pacing, the heart was arrested with KCI and excised. The left ventricle was dissected into four slices from base to apex, which corresponded to the short axis of echocardiographic recordings. Ten tissue samples (weight, 0.3-0.5 g) were obtained from the septum and the free wall. A gamma ray scintillation counter (Aloka) was used to measure the radioactivity of`01TI and`8F in these tissue samples. Energy windows of 80 keV+20% were used for`01T1 and 511 keV±20% for '8F. The data were corrected for background. The data of 18F were also corrected for isotopic decay. Tissue activity was expressed as the ratio of the mean counts of tissue samples taken from the septum and free wall divided by the maximal counts of samples taken from the free wall. In another five dogs, a microtip pressure transducer (model SPR-230, Millar Instruments, Houston, Tex.) was inserted into the midportion of the septum under echocardiographic guidance to measure the IMP. [13] [14] [15] To minimize the influence of transducer orientation in estimating the IMP, the microtransducers were positioned at right angles to the surface of the heart with the sensing surface directed toward the base of the heart. A plastic cannula was inserted into the great cardiac vein (GCV) to measure the lactate content. Recordings of the IMP in the septum were taken before and after 1 hour of right ventricular pacing. Protocol 2. An electrode catheter was introduced into the right atrium in addition to the right ventricle. RMBF was measured by the colored microsphere technique. 16 After control measurement, LBBB was induced with right ventricular pacing (pacing rate 200 beats per minute) and continued for 1 hour. After 1 hour of rest, right atrial pacing was performed for 1 hour at the same pacing rate as the right ventricular pacing. Colored microspheres were injected at the end of each condition of cardiac rhythm. At the end of the study, the heart was arrested and excised as in protocol 1. Four tissue samples (weight, 2.0-3.0 g) were obtained from the septum and the free wall and processed as described later.
Echocardiographic Data Analysis (Myocardial Systolic Thickening)
Echocardiographic data analysis was performed from the videotape records. Myocardial systolic thickening was assessed from an analysis of 100 equally spaced cords extending from the epicardium to the endocardium defined for end-diastolic and end-systolic images. Systolic thickening of the septum and the free wall was determined from an analysis of two centrally placed subsets of 10 cords and calculated as follows: systolic thickening equals wall thickness in end systole divided by wall thickness in end diastole. End diastole was defined as the onset of the Q wave of the ECG and end systole as the dicrotic notch of the aortic pressure tracing.
IMP Analysis
To evaluate the effect of the septal IMP on septal perfusion, the IMP was divided into two phases, TD and containing 0.050% Tween 80 and 0.01% Thimerosal) were manually agitated and vortex mixed for 1 minute. Then approximately 10 million microspheres were removed from the vials and injected into the left atrium while arterial blood was withdrawn at a constant rate of 10 ml/min for 90 seconds. The sample processing and counting of colored microspheres was performed as described by Hale et al. 16 RMBF was then calculated as RMBF=(CTxR)/(CRxWT), where CT is the total number of microspheres in the tissue sample, R is the reference flow rate (ml/min), CR is the total number of microspheres in the reference blood sample, and WT is the weight of the tissue samples in grams. The results are expressed as milliliters per minute per gram.
Statistical Analysis
Data are expressed as the mean+SD. Differences between the two means were compared by the paired t test. The criterion for statistical significance wasp<0.05.
A TI
Results
Hemodynamics
Although the heart rate increased from 162±+33 beats per minute to 196±+16 beats per minute after the induction of LBBB (p<0.01), the mean aortic pressure and the Doppler flow velocity in the LAD showed no significant change compared with control levels (108+24 versus 104±25 mmHg and 12.1+3.8 versus 12.1+4.0 cm/sec, respectively) ( Figure 1 ).
Myocardial Uptake of 20'T1 and FDG 20`TI activity per gram of excised heart tissue was 74.7+14.5% of the maximal activity in the septum and 86.5+5.3% of the maximal activity in the free wall (p<0.05). Thus, 20MT1 activity was significantly reduced in the septum compared with that in the free wall.`8F activity in the septum was also reduced compared with that in the free wall (67.4+12.1% versus 88.0+5.2%, p<0.05). The ratio of glucose uptake in the septum to that in the free wall was significantly lowered compared with the thallium perfusion ratio (70.7±10.3% versus 89.3 + 9.8%, p < 0.05) ( Figure 2 ).
Myocardial Systolic Thickening
Although the systolic thickening in the free wall showed no significant change after the induction of LBBB (1.36+0.15 versus 1.33+0.14, p=NS), systolic thickening in the septum was reduced from 1.36±0.20 to 0.98±0.04 (p<0.01) ( Figure 3 ). The septum also showed the pendular motion without systolic thickening.
Intramyocardial Pressure
In the controls, the peak IMP in the septum was observed in the early to midsystolic phase, as shown in Figure 4 . Upon LBBB with right ventricular pacing, the peak IMP was seen in late-systolic or diastolic phase. In the controls, the D-IMP was significantly lower than the S-IMP (26.6+ 10.5 versus 58.2± 19.8 mm Hg, p<0.01). Figure 5 ). Lactate Metabolism In the controls, the lactate contents of the aorta and GCV were 23.4+6.5 and 22.0+6.5 mg/dl, respectively (p<0.02). After the induction of LBBB, lactate was still being extracted by the myocardium (25.2±7.6 versus 22.6 ± 6.3 mg/dl, aorta versus GCV,p < 0.05). The lactate extraction rate during the pacing showed no significant change compared with the control rate (9.4±5.7% versus 6.1 3.6%, p = NS) ( Figure 6 ). Lactate production was not observed in any case.
CONTROL Regional Myocardial Blood Flow
In the controls, RMBFs in the septum and the free wall were 1.00+0.25 and 1.01±0.19 ml/min/g, respectively;p-NS). After the induction of LBBB, the RMBF in the septum showed significant decrease compared with the free wall (0.53±0.18 versus 0.84±0.14 ml/ min/g; p<0.01). During right atrial pacing, however, there was no significant difference between the septum and the free wall (1.01+±0.21 versus 0.91±0.18 ml/min/g; p-NS) ( Table 1) .
Discussion
In the present study, septal perfusion and glucose uptake were found to be reduced in pacing-induced LBBB. In addition, systolic septal thickening was impaired, with augmented septal IMP in the TD phase, during which the greatest amount of LAD flow occurs.
However, lactate production from the septal region was not detected.
Myocardial Perfusion and IMP in the Septum
The flow in the LAD, from which the major septal branches are supplied, shows a phasic pattern. In the diastolic period, the greatest amount of LAD flow occurs. This pattern is thought to be caused by the transmural compression of the intramyocardial vessels during systole and by the release of the compression force during diastole.17,1 In our study, the septal IMP was high during the Ts phase, which is mainly systolic, and remained low during the diastolic T" phase in the controls. After the induction of LBBB, the pattern of the septal IMP changed and the mean IMP in the TD phase increased significantly. Carew during systole in the totally intramyocardial septal artery than there is in epicardial coronary arteries. They also showed that the flow pattern of the intramyocardial septal artery is sensitive to slight changes in the IMP. Therefore, it is probable that the increased septal IMP during the TD phase of the LBBB pattern caused a compression of the septal vessels and increased the coronary vessel resistance, thereby resulting in the reduced myocardial perfusion in the septum. Despite the reduced diastolic septal perfusion during pacinginduced LBBB, the mean LAD flow showed no significant change, probably because the reduction of septal perfusion was a part of the total LAD flow. The reason why the phasic pattern of the septal IMP changed is not clear. The IMP in systole consists mainly of pressure developed in the myocardium by the contraction of the heart20 and pressure transmitted to the myocardium from the left ventricular cavity. 21 Altematively, there is the possibility that oxygen demand in the septum is decreased because of reduced thickening and could result in diminished perfusion in this part of the myocardium. This is unlikely, however, because the IMP in the septum was not reduced compared with the control level, suggesting that an asynchronous but reserved myocardial contraction was occurring.
Myocardial Metabolism
When myocardial ischemia is present at rest or develops in response to stress, lactate extraction declines or is actually replaced by net lactate production. 22 In normal subjects, even after the ventricular rate is accelerated by pacing, lactate extraction persists. 23 To exclude the possibility of ischemia in the septum during LBBB, we measured the lactate concentration from aortic root and GCV and calculated the lactate extraction rate of the myocardium. The lactate extraction rate showed no significant change with pacing-induced LBBB, and no lactate production was observed. The diagnostic sensitivity and specificity of lactate extraction for the detection of regional ischemia is somewhat limited.24,25 Nevertheless, apparent ischemia, expressed as lactate production, was not induced by LBBB. In myocardial ischemia, myocardial glucose usage is also altered, and myocardial glucose uptake increases. [26] [27] [28] In our current experiments, however, glucose uptake in the septum was significantly reduced compared with that in the free wall. This argues further against the 
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Circulation Vol 85, No 3 March 1992 possibility of ischemia in the septum. The mechanism of reduced glucose uptake during LBBB is probably related to the reduced septal perfusion and thickening. Nguyefi et a129 examined the effect of perfusion and work load on myocardial FDG uptake in isolated working rat hearts and reported that FDG uptake showed parallel changes with myocardial perfusion and work load. Thus, it is probable that the reduced septal perfusion with impaired thickening duriisg LBBB induced parallel reduction of myocardial glucose uptake in the septum. It might be somewhat confusing to say that the septum was hypoperfused but not ischemic. We believe, however, that myocardial ischemia does not mean simple hypoperfusion but rather the imbalance of myocardial perfusion and oxygen requirement. Thus, because the anaerobic metabolism that suggests such imbalance was not detected in the experimental LBBB, it may be concluded that the septum was hypoperfused but not necessarily ischemic.
LBBB Induction by Right Ventricular Pacing
We induced LBBB experimentally by right ventricular pacing, using a method similar to the one described by Hirzel et al.7 This is, of course, not true LBBB; it might be more accurate to call this the effect of an abnormal septal activation sequence or right ventricular pacing. In right ventricular pacing, however, the QRS pattern in the ECG showed an LBBB pattern, and echocardiography revealed an asynchronous contraction as shown in clinical cases, which would validate this model as LBBB. To obtain complete pacing rhythm, the heart rate was increased significantly compared with the controls, which might have affected septal perfusion, metabolism, and contractions. This is unlikely, however, because the RMBF in the septum was not reduced during rapid right atrial pacing. In addition, we evaluated thallium perfusion, glucose uptake, and systolic thickening simultaneously in one case with rapid right atrial pacing, and similar data were obtained for the septum and the free wall.
Limitations
To evaluate the IMP in the septum, we used the microtransducer method. There are four major techniques for measurement of IMP: closed method, perfusion method, open method, and microtransducer method. Among them, the microtransducer method is less invasive and reflects the magnitude of the IMP more reliably. 13 The microtransducer measures the local hydrostatic pressure within the fluid pocket surrounding the transducer tip. Thus, the pressure measurement is not affected by the orientation of the pressure probe, as described by Stein et al.15 They also reported that the pressure appeared to be independent of the angle of insertion of the needle probe. In our present experiments, we also obtained continuous, steady, and reproducible tracings of the IMP by this method. The magnitude of the IMP changes according to the depth within the left ventricular wall. 15 Although we tried to insert the microtransducer into the midportion of the septum at the same depth under echocardiographic guidance, the depth of the probe may have affected the magnitude of the IMP. The phasic pattern of the IMP and its change with right ventricular pacing was similar in all dogs, however. Thus, the location or position of the microtransducer probe appears to have had little effect on our conclusions.
The lactate production has limitations as an index of regional myocardial ischemia because of regional venous mixing.25 To detect the septal ischemia, we inserted the catheter into the GCV to sample the venous drainage more selectively from the septal region. In addition, we examined myocardial glucose metabolism using positron-emitting isotope. Neither measurement showed any evidence of septal ischemia during electrically induced LBBB. To rule out the possibility of septal ischemia in LBBB more definitely, however, further evaluation such as septal potassium efflux30 may be required.
Although we performed various measurements in the acute phase of LBBB in our study, in most clinical cases 201T1 scintigraphy is performed in the chronic phase. Thus, in addition to the acute functional changes, prolonged asynchronous contraction may result in histological changes in the septum, which could affect the perfusion image in clinical cases. It is also likely that the etiology of LBBB may have affected myocardial perfusion in the septum.
Clinical Implications
Because the ECG diagnosis of CAD is difficult in patients with LBBB, 201T1 myocardial scintigraphy has been recommended as a noninvasive evaluation method for CAD in such cases. However, 20`TI scintigraphy showed perfusion abnormalities in the septum in some of the patients with LBBB, in spite of normal coronary arteriogram. Hirzel et a17 examined 19 symptomatic patients with LBBB by 201T1 exercise scintigraphy and selective coronary angiography and found only four patients with LAD stenosis. But all 19 patients, including the 15 with normal coronary arteriograms, showed anteroseptal perfusion defects. McGowan et a18 also reported reduced tracer uptake in the septum in 27 patients with LBBB using 43K and 81Rb as imaging agents, despite the fact that only five of them had evidence of either previous infarction or significant CAD. There are several hypotheses as to the mechanism of abnormal septal images in patients with LBBB: 1) functional ischemia caused by asynchronous septal contractions,7 2) exercise-induced ischemia, reflecting the disease state of small coronary arteries that nourish the conducting system,1" and 3) fibrodegenerative changes in the septal region, which are often found in LBBB without CAD. 12 Hirzel et a17 examined myocardial 20`T1 uptake with RMBF using electrically induced LBBB in dogs. They speculated that the prolonged compression of septal arteries is a consequence of asynchronous septal contraction resulting from aberrant and delayed depolarization in LBBB and thus may cause some impairment of the septal blood flow. Our findings suggest that during LBBB, phasic myocardial thickening in the septum is impaired with an elevated IMP in the TD phase, and this may reduce both septal perfusion and glucose metabolism. A major part of the coronary flow exists in the TD phase. Nevertheless, even in LBBB, the aortic root pressure and Doppler flow in the LAD showed no significant changes, but the septal IMP during the TD phase was significantly increased.
Thus, the elevated vascular resistance in the septum during the TD phase may have reduced RMBF in the septum. It is clinically important to know whether the reduced myocardial perfusion in the septum during LBBB causes septal ischemia or not. The present results suggest that septal ischemia was not induced, because neither increased septal glucose uptake nor lactate production, which is observed during myocardial ischemia, was detected.
In conclusion, our study suggests that acutely induced LBBB itself causes impaired systolic thickening and augmented IMP during the TD phase in the septum, which may result in reduced myocardial perfusion and glucose uptake that is not necessarily related to septal ischemia.
